
Evaluation of Small Mass Spectrometer Systems

C Richard Arkin 1, Timothy P. Griffin I , Andrew K. Ottens 2, Jorge A. Diaz 3, Duke W. Follistein 4,

Fredrick W. Adams 4 and William R. Helms 4

Dynacs Inc., DNX-14, Kennedy Space Center, FL 32899

2 The University of Florida, Department of Chemistry, PO Box 117200, Gainesville, FL 32611
3 Universidad de Costa Rica, Escuela de Fisica FM430, San Jose', Costa Rica

4 NASA, YA-D2-E2, Kennedy Space Center, FL 32899

Abstract

This work is aimed at understanding the aspects of designing a miniature mass

spectrometer (MS) system. A multitude of commercial and government sectors, such as the

military, environmental agencies and industrial manufacturers of semiconductors, refrigerants,

and petroleum products, would find a small, portable, rugged and reliable MS system beneficial.

Several types of small MS systems are evaluated and discussed, including linear

quadrupole, quadrupole ion trap, time of flight and sector. The performance of each system in

terms of accuracy, precision, limits of detection, response time, recovery time, scan rate, volume

and weight is assessed. A performance scale is setup to rank each systems and an overall

performance score is given to each system.

All experiments involved the analysis of hydrogen, helium, oxygen and argon in a

nitrogen background with the concentrations of the components of interest ranging from 0 -

5000 part-per-million (ppm). The relative accuracies of the systems vary from < 1% to -40%

with an average below 10%. Relative precisions varied from 1% to 20%, with an average below

5%. The detection limits had a large distribution, ranging from 0.2 to 170 ppm. The systems

had a diverse response time ranging from 4 s to 210 s as did the recovery time with a 6 s to 210 s
distribution. Most instruments had scan times near, 1 s, however one instrument exceeded 13 s.

System weights varied from 9 to 52 kg and sizes from 15 x 10 3 cm 3 to 110 x 103 cm 3.



Introduction

There is an ever-increasing need for smaller mass spectrometer (MS) systems. Compared

to current commercial systems, small MS systems are generally more easily transported, less

expensive, operated in more diverse environments, and allow real-time analysis. Such systems

have many potential applications such as environmental analysis, process monitoring, leak

detection and hazardous chemical detection. At Kennedy Space Center there is a need for small,

point-sensor MS systems for a variety of tasks. Such tasks include the monitoring of hazardous

gases around the Space Shuttle prior to launch, the detection of toxic vapors, such as hypergols,

and process control of a fuel production plant on Mars.

Mass spectrometer systems have been used since the beginning of the space program [1].

The primary reason mass spectrometers are used is due to their excellent limits-of-detection,

response time, recovery rate, accuracy and capability to monitor and differentiate several species.

One aspect of the work at Kennedy Space Center is to develop systems that monitor the

cryogenic fuels, liquid hydrogen and liquid oxygen, used for launching the Space Shuttle. A

build up of gaseous hydrogen or oxygen during fueling or launch creates a hazardous

environment. For this reason, areas of potential hazard are purged with nitrogen and analyzed

for hydrogen, helium, oxygen and argon. [Hydrogen and oxygen indicate a leak of the cryogens,

argon indicates a leak to air and helium is used for leak checking prior to fueling.]

Currently a large mass spectrometry system [2, 3] performs this task, using long transport

lines to draw in samples from various points around the Shuttle. This arrangement is depicted in

Figure 1. The current system has several undesirable attributes. Since the sampling points are

removed from the MS system, long transport lines (up to 370 ft) are used. As a result, the

sample being analyzed is actually 15 - 30 s old. Among the various problems arising from the

delay, monitoring the last fraction of a minute prior to launch is precluded. The sequential,

round-robin sampling of the lines also causes delay difficulties. This system is also very large

(-3.65 x 10 6 cm3), heavy (-1700 lbs.) and expensive (-$1M). Lastly, if more sampling points

were added, more transport lines would be needed, adding to the size and weight, and there

would be an even longer delay between consecutive readings due to the round-robin scanning
method.

There is great interest in replacing this stationary system with several miniature [4],

portable, rugged mass spectrometers to act as point sensors, which can be placed at the sampling

locations. Small, lightweight systems would provide several advantages. First, being a point

sensor there is no need for the long transport lines, thus eliminating the delay between sample

uptake and analysis. Second, with multiple sensors, monitoring of several locations can be

performed simultaneously. Additional sampling points would not create a delay between

consecutive scans. Third, small instruments tend to cost less than their larger counter-parts.

Fourth, in the event one system fails, several entire systems could be on the shelf ready for

installation. Currently, when an instrument fails that instrument is evaluated and the part(s) are

repaired or replaced. This requires the stocking of several parts, and technician repair time.

Also, with the systems being lightweight and portable there is the potential that these systems

can remain functional during the launch, ascent, orbit and descent.

In order to achieve this goal, such a miniature MS system should have the following

properties. First, the system must be small (< 35,000 cm3), lightweight (< 10 kg), power

efficient (< 250 W), rugged (survive 18 g), and relatively inexpensive (- $20,000). The system

should also have low limits-of-detection (- 10 ppm), fast response and recovery times (- 30 s),
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rapidscantime(- 1 s)andprovideaccurateresults(< 10%error) overa sustainedperiodof time
(- 12hours).

Eight smallmassspectrometersystemswereevaluatedfor air analysis.Hydrogen,
helium,oxygenandargonweremeasuredat low levels,100- 5000ppm, in a nitrogen
background.Under theseconditions,thevariousperformanceparametersweredetermined.

Experimental

The eight instruments evaluated can be organized into three categories: system involved

in the Small Business Innovative Research (SBIR) grant program, commercial off-the-shelf

(COTS) instruments, and in-house developed systems. Table 1 summarizes the instruments,

models and analyzer types of the systems evaluated. Note that the Ferran, IonWerks, MG-2100

and Polaris-Q are complete systems. The SRS, and XPR-2 are only analyzers, the rest of the

systems were built in-house.

System Type
SBIR

COTS

In-House

Table 1

Systems Used
Manufacturer / Model

Ferran

IonWerks (TOF)

Stanford Research Systems RGA-100 (SRS)
Inficon XPR-2

Monitor Instruments MG-2100

Thermo Finnigan Polaris Q

University of Florida/KSC (UF-IT)

University of Minnesota/KSC (CDFMS)

Analyzer Type

Linear Quadrupole Array
o-TOF

Linear Quadrupole

Linear Quadmpole

Cycloidal Focus

Quadrupole Ion Trap

Quadrupole Ion Trap
Double Focus Sector

The Ferran [6 - 9] system utilizes a miniature linear quadrupole array consisting of 16

rods. Each rod has a diameter of lmm and a length of 10 ram. The operating frequency for this

system is 16 MHz and a Faraday cup is used for detection. The IonWerks Time-of-Flight (TOF)

is an orthogonally accelerated reflectron. A unique anode detector is used, which is claimed to

increase the dynamic range [10]. The Stanford Research Systems RGA-100 is a linear

quadrupole system with rod diameters of 0.25" and length of 4.5". The operating frequency is

2.7648 MHz and both a Faraday cup and electron multiplier detectors are available, although the

multiplier is used here. For this application, the system operates best when the analyzer is in the

mid-10 -5 Torr pressure range. The Inficon XPR-2 is a linear quadrupole system with hyperbolic

rods with an inscribed radius of 0.013" and length of 0.5". The XPR-2 operates at 13 MHz and

has both a Faraday cup and channel electron multiplier detectors. This system generally operates

with the electron multiplier and an analyzer pressure in the low 10 -4 Tort range. The Monitor

Instruments MG-2100 is a cycloidal focusing sector. The ThermoQuest Polaris-Q is a

quadrupole ion trap of stretched geometry with an internal ring radius of 7 mm and operating at a

frequency of 1.03 MHz. Due to the geometry and operating frequency, the Polaris-Q is unable to

monitor hydrogen and helium. The compact double focusing sector (CDFMS) is a crossed

electric and magnetic field sector analyzer with a 90 ° geometry that was developed at the

University of Minnesota [11 - 14]. The magnetic field strength was 0.75 T and the sector radius

was 2 cm. A second quadrupole ion trap, the UF-IT, was developed at the University of Florida



[15, 16]. This ion trap is of stretchedgeometrywith an internalring radiusof 10mm and
operatesat afrequencyof 2.9MHz.

With theexceptionsof theUF-IT,Polaris-QandTOF,all instrumentsusedanAlcatel
ATH 30+turbomolecular-draghigh vacuumpump. Thispumpwaschosendueto its high
compressionratiosfor hydrogenandhelium,aswell asnitrogen(10s, 107and 1011, respectively).
Thehighcompressionratiosareneededfor goodresponseandrecoverytimesbetweensamples.
TheTOFhasaVarianV70LP highvacuumturbomolecularpump;theUF-IT usesaPfeiffer
modelTPH-65turbomolecular-dragpumpandthePolaris-QuseaEdwardsmodel70H
turbomolecular-dragpump. In orderto maintaincleanvacuumchambersandmassanalyzers,
eitherscrollpumpsor diaphragmpumpsareusedfor backingtheturbomolecularpumpsandfor
providingsampledelivery. In general,aVarian300Scrollpumpis usedfor sampledelivery,
andtypically adiaphragmpumpis usedwith theturbopumps.All systemsuseelectronimpact
(EI) ionizationwith thoriatediridium filamentsoperatingat 70eV.

A similarexperimentis usedto evaluateall massspectrometers.Theexperimental
sequenceis depictedinFigure2. A zerobottle(> 99.995%N2), test bottle (500 ppm H2, 500

ppm He, 500 ppm O2, 100 ppm Ar and balance N2, nominally) and span bottle (5000 ppm H2,

5000 ppm He, 5000 ppm 02, 1000 ppm Ar and balance N2, nominally) are analyzed sequentially

for approximately 5 minutes each. This cycle constitutes the calibration cycle, where the zero

and span serve as a two-point calibration curve and the test is used to determine the quality of the

calibration. All data values are determined using a 10-point data set. Following the calibration

cycle, the test bottle, is analyzed for 5 minutes and then returned to the zero bottle. At this time,

the calibration cycle is used to scale all data in terms of concentration with which the parameters
of evaluation are determined.

With the various definitions available for the parameters used in this study, each

parameter is defined below. Accuracy, Equation 1, is the ratio of the difference between the

measured test concentration and the true concentration to the true concentration. When shown

A = [test ]me,_-- [test ],r,,e X 100%

[test]true
(1)

graphically, accuracy is reported as its absolute value. Precision, Equation 2, is the ratio of the
standard deviation of the measured data set for the test bottle to the measured concentration

O'meas

P= Itjrestl,,_., xlO0% (2)

of the test bottle. As described in Equation 3, the theoretical limit of detection (LOD) is defined

as 3 times the standard deviation of the zero data set. Response time is the time between the

LOD = 3 x Crz_ro (3)

bottle change from zero gas to test gas until the reading is within 95% of the average measured

test value. The recovery time is the elapsed time between changing the bottle from the test gas to

the zero gas and a signal reading 5% of the test reading (95% reduction in signal). Scan time is

the time required for one scan to be acquired and the data to be transferred. It is determined by
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measuringthetimerequiredacquiringaknownnumberof scansanddividing by saidnumberof
scans.Thesystemvolumeis determinedby measuringtheentiresystemvolumeincluding the
massanalyzer,its associatedelectronics,vacuumsystem,high vacuumpumpandroughpump.
Also measuredareany ion gaugecontrollersorotherrequiredequipment.Computersarenot
included. Systemweightis determinedbyweighingeachindividual component- again
computersarenot included. Theseevaluationparametersalongwith thedefinedrequirements
aresummarizedin Table2.

Table2
Summaryof ExperimentalParameters[ 17]

Parameters Definition

Accuracy [Test ]meas-- [Test _r,,eX 100%

[Test_rue

Precision O'Test'meas X 100%

[rest ],m,o._

Limit of Detection 3 cr zero (1_

Response Time Time required for response from valve change

to 5% new reading

Recovery Time Time after valve change to reach 5% of

previous sample reading (new sample is zero)

Scan Time Experiment Time / Scans

Sum of Individual Components

Maximum Weight Sum of Individual Components

(_ Theoretical Limit of Detection, (2) Measured Limit of Detection

Maximum Size

Shuttle Requirements

< 10% or 5ppm,

which ever is greater

< 5% or 3ppm,

which ever is greater

H2, 02:25 ppm;

He: 100 ppm; Ar: 10 ppm (2)

10s

30 s

1s

3.5 x 10 4 cm 3

10 kg

Results & Discussion

Although an accuracy requirement of 10% may seem trivial among analytical techniques,

when using a MS to analyze permanent gases from part-per-million to the sub-percent range this

is typical. Figure 3 shows the results of the accuracy tests for each system and component

evaluated. Half of the systems (SRS, XPR-2, UF-IT, and CDFMS) met the required (< 10%)

accuracy. Of the remaining systems, the Polaris-Q slightly exceeds the requirements for argon

with an accuracy of 13%. The accuracies of the Ferran, TOF and MG-2100 were greater than

10% for many of the analyzed components; this is considered unacceptable.

It is important to point out that there are no clear trends with each component in regards

to accuracy. For example, hydrogen is very difficult to analyze using a linear quadrupole due to

the zero-blast and the very shallow pseudo-potential well [18]. But, in the case of the SRS,

hydrogen has the best accuracy of all of the components, yet in the case of the XPR-2, it is nearly
the worst.

Figure 4 displays the precision results for the various systems and for each component

analyzed. Half of the systems (SRS, Polaris-Q, UF-IT and CDFMS) meet the requirements with

the TOF slightly exceeding. The MG-2100 mildly exceeds the requirements, while the XPR-2
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andFerranhavesignificantprecisionproblemswith precisionsexceeding15%. TheSRS,
Polaris-QandUF-IT systemsaresubstantiallybetterthantherequired5%precisionlevel.

It isnot clearwhatfactorsaffectprecisionbut severalcomponentsaresuspected.For
example,it is believedthat maintainingastablepressureatthesampleinlet is of primary
importance.All of thesystemsevaluatedheremaintainedastablepressurevia in-housesample
deliverysystem(SDS). Thesampledeliveredto theMS is drawndownstreamof anmanual
needlevalve(to maintainadesiredflow rate)andupstreamof thepressuretransducerandflow
controller. Thepressuretransducerandflow controllerareusedin combinationto control the
upstreampressure.Wehavefoundthatusingthis configuration,controllingthepressurein an
upstream(ratherthandownstream)manner,providesbetterresponsetimeto changesin the
sample.It is believedthatthemethodbywhichthesampleis introducedinto theMS canaffect
theprecision.Threetechniquesareusedhere.TheSRS,XPR-2,Polaris-QandUF-IT use
orificesfor sampleintroduction. TheFerran,TOF andMG-2100usecapillaries,andthe
CDFMSusesafrit for sampleintroduction.Moreoftenthannot, theorifice techniqueprovides
betterresults.Also, thepressurewithin theanalyzermayaffecttheprecision. TheSRS,UF-IT,
TOF,MG-2100andCDFMSall operatein the 104Torr range. TheXPR-2andFerranoperate
in the 10.4Torr rangeandthePolaris-Qoperatesin theupper10.4(andlower I0 -3) Torr range.

No clear trend has been observed that indicates what operating range is best for precision

purposes, yet each system has a very specific pressure range in which optimum performance is
found.

The limits of detection (LOD) for each instrument are shown in Figure 5. The best

instrument for LOD is the SRS, while the XPR-2 also performs within specifications. As far as

detecting 02 and Ar, the Polaris-Q performed very well, but its mass range prevented it from

detecting H2 and He. With the exception of detecting oxygen, the UF-IT performed quite well in

this category. The Ferran performed well for Ar, but needs significant improvement in detection

of H2 and 02. Although it appears that the Ferran performs well for He, but this is an artifact of

the LOD calculation. The data analysis software of the Ferran imposes an ion current threshold.

An ion current lower than the threshold is assigned a value of zero. As a result, the analysis of

helium in the zero gas results in a data set with mostly zeros, thus artificially lowering the LOD.

The TOF, MG-2100 and the CDFMS need significant improvement for all of the gases.

The LOD is one of the more challenging specifications to meet or exceed. There are a

variety of reasons for this. An important factor in analyzing these gases is their high ionization

potentials (H2:15.4 eV, He: 24.6 eV, N2:15.6 eV, 02:12.1 eV, Ar: 15.8 eV). As a result the

ionization efficiency tends to be low relative to the typical volatile organic. Preconcentration of

the analyte through GC, as is commonly done with volatile organics to achieve ppb LODs, is not

viable here due to time per scan considerations. Preconcentration via removal of the "cartier

gas", nitrogen in this case, is another technique to improve LOD. Achieved using a gas jet

separator, this works quite well for components of mass greater than the carrier gas since jet

separators act as high pass (passing masses higher than the cartier) filters. Unfortunately, this

would significantly hinder hydrogen and helium analysis.

Response times for each system (and respective components) are shown in Figure 6.

With a specification of 10 s, the SRS and UF-IT meet the requirements. Only hydrogen exceeds

the 10 s mark for the XPR-2. Although the Polaris-Q response times are higher than desired,

they are still in a reasonable range. Unfortunately, the Ferran, TOF, MG-2100 and CDFMS

exceed the requirements by a factor of 3 or more. Based on fluid dynamics, one would expect
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theresponsetimesto decreaseasafunctionof molecularmass,but nosuchgeneraltrendis
observed.

Figure7 displaystherecoverytimesfor eachMS system.TheXPR-2,UF-IT andMG-
2100meettherequirementof 30s. A fewof theanalyzedcomponentsexceedthespecifications
for theSRSandCDFMS,but in generalthesesystemsaredeemedadequate.All componentsfor
thePolaris-QandTOFexceedthespecificationsby afactorof 2, whichdemonstratesastrong
needfor improvement.And, theFerranhascomponentswith responsetimesin excessof 3
minutes,which is entirelyunacceptable.Again,onewouldpredictlowerrecoverytimesfor
heaviercomponents,but no suchtrendisobserved.

Oneof themostimportantparametersthataffectresponseandrecoverytime is dead
volumeprior to sampleintroduction.For thesystemsbuilt in-house,greatcarewastakento
reduceanyunnecessarydeadvolumeby placingthesampleinlet ascloseaspossibleto theSDS.
Also, appropriatediameterandlengthtubingwasusedsoasto reducedeadvolumewhile
minimizingunwantedpressurereduction.Anotherparameteraffectingresponseandrecovery
time is theflow rateof thesamplegaspastthesampleinlet - ahigherflow rateis generally
better. Theflow rateof thesamplepastthesampleinlet variedfrom systemto system.Typical
valuesareapproximately10- 50sccm(standardcubiccentimetersperminute). Althoughthe
actualflow ratevariedat thepoint of sampleintroduction,aconstantflow rate(350sccm)was
maintainedat theSDSfor all systemsevaluated.

Figure8 illustratesthescantime for eachof thesystemsunderstudy. Most of the
systemshavea scantimelessthanthe2 secondrequirement.TheSRS,FerranandMG-2100
significantlyexceedtherequirements.Thescantimesfor theSRSandFerrancanbe reduced,
but this is verydetrimentalto thelimits-of-detectionandotherparameters.

Thevolumefor eachsystemis shownin Figure9. For referencepurposes,anAlcatel
ATH 30+turbopumphasavolumeof 1200cm3. Themostspaceefficient systems,theXPR-2
andtheCDFMSarethosethatcanoperateusingsmallerbackingpumps.TheFerranrepresents
anacceptablevolume. Thelargestsystemis thePolaris-Q.Theprimarybulk of thePolaris-Q
arisesfrom theelectronicsandroughpump,howeveroneshouldnotethat thissystemwas
designedto beabenchtopsystem.Thesecondleastspaceefficient system,theTOF,actually
hasasmallmassanalyzer,but theelectronicsaccountfor thebulk. TheSRSvolumeis too high
primarily dueto therequiredroughpumpandthelengthof thequadrupolerods. TheUF-IT
volumeis inefficientprimarily asaresultof its in-houseconstructionstatus. It is interestingto
notethatthesmallestsystemwasonebuilt in-house,eventhoughthreeof thecommercial
systems(Ferran,TOF andMG-2100)arespecificallymarketed,or will bemarketed,asminiature
MS systems.

In viewingtheliterature,onewouldthink thatanalyzersizeandperformancearethe
majorissuesof miniaturization.Analyzertechnologyis sufficientlymatureandthesizeis small
enoughthat thesearesecondaryissues.But, ascanbeseenin Figure9, theprimaryconcernsin
reducingthesizeof thesystemsarethepumpsize[19] andtheelectronics.

Systemweight is oneof themorechallengingrequirementsto meet. Largeportionsof
thesesystemsaregenerallyconstructedof someform of steel- thevacuumchamber,therough
pump,theturbopumpandtypically theframe. As aresultonly oneof thesystemsevaluated
(CDFMS)mettherequired10kg (22 lbs) limit. Figure10comparestheoverallweightsof the
eachof thesystemsaswell asabreakdownof thesubsystems.Similar to thevolumeanalysis,
theroughpumpandelectronicsaccountforthemajority of theweightof eachsystem.



Althoughnot quantifiableasaspecificparameter,thereareotheraspectsof the systems
that shouldbementioned.Forexample,theFerranandMG-2100haveundesirablesampleinlet
systems.TheFerranhasadirectinlet system,usinga capillaryfor pressurereduction. Although
this methoddoesprovidetheneededpressurereductionfor theMS, it hasthetendencyto
increasetheresponseandrecoverytimes. TheMG-2100alsousesacapillaryinlet for pressure
reduction,althoughthis systemisnot adirectinlet system.Instead,theMG-2100hasa"flow-
by" [20] stageto reducethepressurewhilemaintaininganacceptableflow rate. Two problems
areassociatedwith theMG-2100inlet design;first thecapillaryprotrudesbeyondthefitting,
allowingthecapillaryto bebrokenonoccasion.Also, eventhoughtheflow-by techniqueis
superiorfor responseandrecoverytimes,theuseof acapillarystill deterioratesthesetimes,
relativeto theuseof anorifice. TheFerranhadsignificantcommunicationproblems.This
systemwasdesignedto beRS-232compatible,yet communicationerrorswouldoccurmuchtoo
often(upto 50%downtimeasaresult). Thisrepresentsanimportantreliability concern.The
time-of-flight hadproblemswith its electronics.Onat leasttwo occasionswithin six months,an
unregulatedpowersupplyfailed. ThePolaris-Qis unableto analyzehydrogenandhelium,
which is vital for theapplicationmentionedabove. Althoughthiswasknownfrom thebeginning
of thestudy,theevaluationof thePolaris-Qassistedin thedesignof theUF-IT, and
demonstratedthecapabilitiesof acommercialion trap. Theion trap is of greatinterestdueto its
inherention manipulationandMSncapabilities[21].

It is difficult to determinewhichsystemisbestconsideringall of thefactorsinvolved. A
somewhatarbitrarymethodwasused.Eachsystemwasgivenarankingnumberbetween1and
10for eachof theevaluationparameters.With 1beingexcellent,5 beingjust within
specification,and10beingunacceptable,thecategoriesareaveragedto resultin afinal
evaluationscorefor eachsystem.Thesystemsconsideredacceptable(ascoreof < 5.1)arethe

SRS
XPR-2
Ferran 10
Polaris-Q 7
UF-IT 3
TOF 9
MG-2100 9
CDFMS 4
Average 5.9

Table3
TotalRankin of EvaluatedS ,stems

2 2 1 2 6 8 6 7 4.3

3 8 2 7 5 5 2 6 4.8

10 7 10 10 9 3 6 8.1

3 2 8 8 2 10 10 6.3

3 6 3 3 2 7 8 4.4

6 7 9 7 2 9 8 7.1

7 10 10 5 10 6 7 8.0

5 9 8 6 2 2 4 5.0

5.5 5.5 7.1 6.3 5.0 5.6 7.0

SRS, XPR-2, UF-IT and the CDFMS with scores of 4.3, 4.8, 4.4 and 5.0, respectively. Ideally

these four systems would have scores in the 2 - 3 range indicating an instrument that performs

well in most, if not all, categories. With scores in the 4 - 5 range suggests that although these

systems are close to meeting the requirements, there is still much improvement needed. In order

to determine which parameters need improvement, an average for each criterion was taken (the
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last row in Table3). Accordingto theaverage,only thescanrateis reasonable.Theparameters
thatneedthemostattentionappearto be theresponsetime andsystemweight,with averagesof
7.1 and7.0respectively.Althoughevaluatingtheinstrumentsasshownin Table3 is somewhat
arbitrary,it atleastprovidesaguideasto which instrumentsareworth spendingtime andmoney
on improvingandwhichparametersneedthemostattention.

Conclusions

A cross section of small mass spectrometer systems were evaluated, with analyzers such

as linear quadrupole, quadrupole ion trap, time-of-flight, and sector. These systems were

evaluated for the purpose of developing miniature systems for gas detection around the Space

Shuttle. Many parameters were evaluated including the measurement accuracy and precision,

limit-of-detection, response and recovery times, system volume and weight. The systems that

were determined to work best include a linear quadrupole from Stanford Research Systems (SRS

RGA-100), a miniature linear quadrupole from Inficon (XPR-2), an in-house built quadrupole

ion trap and an in-house built double focusing sector. No system met all the requirements set

forth, but with research and modifications to these instruments it is believed that a miniature MS

system that is capable of rapid, reliable, accurate and precise analysis is close at hand.

Future work will be focused in several areas. Limits of detection, along with accuracy

and precision improvements will be addressed through the investigation of new sample

introduction techniques, ionization conditions and ion focusing. Improvements in response and

recovery times are being addressed with sample introduction and gas pumping methods.

Investigation into new pump technology is being used to reduce system volume and weight. As

the need for miniature MS systems grows and more researchers enter the field, the time is

quickly approaching when a viable miniature system is developed.
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Figure Captions

Figure 1: Location of Current Instrument and Sample Positions

The current gas detection system, HGDS 2000, is located in the mobile launch platform

(MLP). As a result the samples must be transported from around the launch vehicle to the

detection system. The HGDS 2000 system is depicted by the black square with the 5 sample

lines attached. The approximate positions of the 5 sample locations are shown and are the 1)

external tank-internal tank, 387ft. 2) midbody, 227 ft. 3) payload bay, 226 ft. 4) hydrogen side

umbilical, 209 ft. and 5) aft, 200 ft.

Figure 2: Example of Typical Evaluation Experiment

The general experiment used to evaluate the mass spectrometers begins with a calibration

cycle. This cycle uses a zero bottle (> 99.995% N2), test bottle (500 ppm H2, 500 ppm lie, 500

ppm 02, 100 ppm Ar and balance N2, nominally) and span bottle (5000 ppm H2, 5000 ppm He,

5000 ppm 02, 1000 ppm Ar and balance N2, nominally) where each is analyzed for 5 minutes

sequentially. The zero and span serve as a two-point calibration curve and the test is used to

determine the quality of the calibration. Following the calibration cycle, the test bottle is

analyzed for 5 minutes then returning to the zero bottle. This allows for the other test parameters
to be determined as described in the text.

Figure 3: Comparison of the Accuracy of each Instrument for each Species

The accuracy is determined by comparing the true concentration of the test gas to that

measured and reported in terms of absolute values. At these concentration levels, an error of

10% or less is acceptable.

Figure 4: Comparison of the Precision of each Instrument for each Species

The precision is the ratio of the standard deviation of the test gas measurement to the

average of the test gas measurement. At these concentration levels, a 5% precision level or less

is acceptable.

Figure 5: Comparison of the Theoretical Limits of Detection (LOD) of each Instrument for each

Species
The theoretical LOD is calculated to be three times the standard deviation of the zero gas

measurement. The required, measured LODs are given in Table 2.

Figure 6: Comparison of the Response Times of each Instrument for each Species

Response times are measured as the time between when the zero to test bottle change

occurs until the measured concentration is within 95% of the average measured concentration of

the test gas. An acceptable response time is 10 seconds or less.

Figure 7: Comparison of the Recovery Times of each Instrument for each Species

The recovery time is measured as the time between when the test to zero bottle change

occurs until the measured concentration is 5% of the average measured concentration of the test

gas. An acceptable recovery time is 30 seconds or less.
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Figure8: Comparisonof theScanTimesfor eachInstrument
Therequiredtimeto measureall fourgasesof interestin aselectedion-monitoringmode.

Two secondsor lessis consideredanacceptablescantime.

Figure9: Comparisonof theVolumeof eachSystem
Thevolumeof thesystems,lessthecontrollingcomputerandthesampledeliverysystem,

areillustratedandcategorizedinto four sub-systems:theanalyzerandvacuumsystem,the
electronics,theturbopump,andthebackingpump. A volumeof 35,000cm3orlessis acceptable
[SincethePolaris-Q,FerranandMG-2100areintegratedproducts,it is difficult to separatethe
volumeusedby theelectronicsandthatof theothercomponents.Sinceelectronicsaregenerally
placedin theremainingopenspacesallowedby thepumpsandchamber,thevolumeof the
electronicsandvacuumsystemwereconsideredthesame.]

Figure 10:Comparisonof theWeightof eachSystem
Theweightof thesystems,lessthecontrollingcomputerandthesampledeliverysystem,

areillustratedandcategorizedinto four sub-systems:theanalyzer/vacuumsystem/frame,the
electronics,theturbopump,andthebackingpump. A weightof lessthan10kgis desired.
[SincethePolaris-Q,FerranandMG-2100areintegratedproducts,it is difficult to separatethe
weightof theelectronicsandthatof theothercomponents.As aresult,theweightof the
electronicsandvacuumsystemwereconsideredthesame.]
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